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Heterotrophic arsenite oxidation by Hydrogenophaga sp. str. NT-14 is coupled to the reduction of oxygen and appears to yield energy for
growth. Purification and partial characterization of the arsenite oxidase revealed that it (1) contains two heterologous subunits, AroA (86
kDa) and AroB (16 kDa), (2) has a native molecular mass of 306 kDa suggesting an a3h3 configuration, and (3) contains molybdenum and
iron as cofactors. Although the Hydrogenophaga sp. str. NT-14 arsenite oxidase shares similarities to the arsenite oxidases purified from NT-
26 and Alcaligenes faecalis, it differs with respect to activity and overall conformation. A c-551-type cytochrome was purified from
Hydrogenophaga sp. str. NT-14 and appears to be the physiological electron acceptor for the arsenite oxidase. The cytochrome can also
accept electrons from the purified NT-26 arsenite oxidase. A hypothetical electron transport chain for heterotrophic arsenite oxidation is
proposed.
D 2004 Elsevier B.V. All rights reserved.Keywords: Arsenite; Arsenite oxidase; Heterotroph; Cytochrome; Electron transport1. Introduction
Arsenic is ubiquitous in the environment and has the
following four oxidation states, 0 (elemental),  3 (arsine),
+ 3 (arsenite) and + 5 (arsenate) [1,2]. The two soluble
forms of arsenic, arsenite [As(III)] and arsenate [As(V)], are
toxic to biological systems, with arsenite considered 100
times more toxic [3]. As(V) is an analogue of phosphate and
can enter cells through the phosphate transport system
where it has the ability to replace phosphate in ATP
synthesis and thus disrupts normal phosphorylation process-
es [3]. The mechanism by which arsenite enters the cell is
still under investigation, although two modes have been
proposed: (1) it can enter cells by diffusion [2] or (2) it can
enter cells through the glycerol transport system [4]. The
toxicity of As(III) is attributed to its ability to bind sulfhy-
dryl groups of proteins, thus impairing their function [2].
Since the first report of bacterial arsenite oxidation by
Green in 1918 [5], several arsenite-oxidizing bacteria have
been isolated. These organisms have been isolated from0005-2728/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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[8], hyper-saline lake [9], soil [10], cattle dip fluid [5,11],
geothermal springs [12,13] and arsenic contaminated ground
water [14]. The oxidation of As(III) to As(V) when coupled to
the reduction of oxygen to water is an exergonic process [6].
The arsenite-oxidizing bacteria isolated to date can be
divided into two groups: (i) chemolithoautotrophs (aerobes
or anaerobes, using arsenite as the electron donor and CO2/
HCO3
- as the sole carbon source) or (ii) heterotrophs (growth
in the presence of organic matter). There are currently two
chemolithoautotrophic arsenite-oxidizing bacteria that have
been studied in detail: the aerobe NT-26 [6] and the
facultative anaerobe MLHE1 [9]. NT-26, a member of the
a-Proteobacteria, was isolated from a goldmine and oxi-
dizes As(III) to As(V) using oxygen as the terminal electron
acceptor [6]. MLHE1, a member of the g-Proteobacteria,
was isolated from a hyper-saline lake and oxidizes As(III) to
As(V) using NO3
 as the terminal electron acceptor [9].
Several heterotrophic arsenite-oxidizing bacteria have
been isolated and include: Alcaligenes faecalis [8]; ULPAs1
[14]; Agrobacterium albertimagni [13]; and three Thermus
species [12,15]. It is thought that the oxidation of As(III) by
these bacteria is a detoxification process. Hydrogenophaga
R.N. vanden Hoven, J.M. Santini / Biochimica et Biophysica Acta 1656 (2004) 148–155 149sp. str. NT-14, a member of the h-Proteobacteria [7], can
oxidize arsenite to arsenate heterotrophically and appears to
gain energy from this process as the final cell yield when
grown in the presence of arsenite is significantly higher
(OD600 0.132F 0.005) than when grown in its absence
(OD600 0.154F 0.01) [R.N. vanden Hoven and J.M. San-
tini, unpublished data].
Of the arsenite-oxidizing bacteria isolated, A. faecalis [8]
(a member of the h-Proteobacteria) [7] and NT-26 have been
studied in detail and their arsenite oxidases purified and
characterized [16,17]. The crystal structure of the A. faecalis
arsenite oxidase has been resolved [18] and the NT-26
arsenite oxidase genes have been sequenced [17]. The NT-
26 arsenite oxidase is soluble and located in the periplasm [6]
whereas that from A. faecalis is anchored to the periplasmic
face of the inner membrane [16]. The NT-26 Aro and A.
faecalis arsenite oxidase consist of two heterologous sub-
units, a large molybdenum-containing catalytic subunit (a)
and a small Rieske-type subunit (h) [16–18]. Recently, the
arsenite oxidase genes (aox) of ULPAs1, also a member of
the h-Proteobacteria, have been identified and sequenced
[19]. The two genes, aoxA and aoxB, encode a putative
arsenite oxidase that consists of two subunits, a small
Rieske-type protein (AoxA) and a larger molybdenum-con-
taining protein (AoxB). All three arsenite oxidases share
sequence similarities at the amino acid level with the two
enzymes from ULPAs1 and A. faecalis sharing the highest
sequence identities (i.e., large subunit 72% and small subunit
65%); NT-26 Aro subunits share V 52% identity with the
respective subunits of the arsenite oxidases [17]. This is not
surprising given that ULPAs1 and A. faecalis are both
members of the h-Proteobacteria.
This report describes the purification and partial charac-
terization of the Hydrogenophaga sp. str. NT-14 arsenite
oxidase and its physiological electron acceptor. This infor-
mation has for the first time led to a proposed electron
transport chain for the generation of energy from heterotro-
phic arsenite oxidation.2. Materials and methods
2.1. Purification of the arsenite oxidase and cytochrome c
Cells were grown in 5-l batch cultures containing
minimal salt medium (MSM) [17], 5 mM As(III) and
0.04% yeast extract. Late logarithmic phase (15 h) cells
were harvested by centrifugation at 21,000 g for 20 min
(4 jC). The cell pellet was suspended in 40-ml ice-cold 10
mM Tris/HCl (pH 8) and centrifuged at 27,000 g for 20
min (4 jC). Spheroplasts were formed as described previ-
ously [6] with the following modifications: (1) the cell
pellet was resuspended in ice-cold 750 mM sucrose/30 mM
Tris/HCl (pH 8), (2) the concentration of lysozyme added
was 7.7 mg/g, (3) cells were incubated with lysozyme for 4
min (0 jC), (4) after the addition of EDTA, the cells wereincubated for a further 3 min (0 jC), and (5) the cell
suspension was centrifuged at 30,000 g for 30 min (4 jC).
The proteins in the periplasmic fraction were precipitated
using ammonium sulfate at 50% and 80% saturation. The
precipitated proteins were suspended in 3-ml 50 mM MES
(pH 5.5), centrifuged at 21,000 g for 5 min and the
supernatant added to a previously equilibrated (50 mM
MES pH 5.5) PD-10 desalting column (Amersham Pharma-
cia Biotech). The proteins were eluted in 50 mM MES (pH
5.5) and concentrated using a Centricon 30 (YM-30 cen-
trifugal filter device, Millipore). The sample was filtered
through a 0.22-Am filter and loaded onto a SP Sepharose
Fast Flow cation exchange column (Amersham Parmacia
Biotech) that had been previously equilibrated with 50 mM
MES (pH 5.5). The chromatography was carried out at room
temperature and the Aro and cytochrome were eluted from
the column using a 0–1 M NaCl gradient in 50 mM MES
(pH 5.5). It is worth noting that the Hydrogenophaga sp. str.
NT-14 Aro could not be purified using a HIC column or
DEAE column as was done for the NT-26 [17] and A.
faecalis [16] arsenite oxidases, respectively. The Aro eluted
at a concentration of 0.14 M NaCl and the cytochrome
eluted at 0.09 M NaCl. Fractions containing Aro activity or
the cytochrome were pooled and concentrated and the
samples were loaded separately onto a Superdex 200 gel
filtration column (Amersham Pharmacia Biotech) previous-
ly equilibrated with 50 mM MES (pH 5.5)/100 mM NaCl.
The fractions containing Aro activity or the cytochrome
were pooled and concentrated.
2.2. Enzyme assays, absorbance spectra and protein
determination
Assays for arsenite oxidase activity were performed as
described previously [6] in the determined optimum buffer,
50 mM MES (pH 5.5). The concentration of arsenite
included in the assay was 2.5 mM (except for experiments
to determine the Km and Vmax, in which the arsenite
concentration ranged from 0.01 to 2.5 mM).
The oxidized and reduced states of the purified cyto-
chrome were recorded with a UV absorbance wavelength
spectrum (nm) using a Cary 1E UV–Visible spectropho-
tometer. The cytochrome was diluted in 50 mM MES (pH
5.5) in a glass cuvette in the absence and presence of
purified Aro and the oxidized spectrum recorded. Reduction
of the cytochrome was initiated upon addition of 2.5 mM
arsenite to the cuvette.
Bradford reagent [20] was used to determine protein
concentrations. Bovine serum albumin served as the
standard.
2.3. Protein gel electrophoresis, transfer and cytochrome c
ingel activity staining
SDS-PAGE and transfer of the proteins to PVDF mem-
branes was performed as described previously [21]. TMBZ-
R.N. vanden Hoven, J.M. Santini / Biochimica et Biophysica Acta 1656 (2004) 148–155150peroxidase activity staining of the heme c was performed as
described previously [22].
2.4. N-terminal sequencing and cofactor analyses
The N-terminal sequences and cofactor analyses of the
Aro and the N-terminal sequence of the cytochrome were
determined as described previously [21].Fig. 1. SDS-polyacrylamide gel of the purified arsenite oxidase stained with
Coomassie Blue R350. Lane 1, purified Aro; lane 2, molecular weight
markers: phosphorylase b (94 kDa), albumin (67 kDa), ovalbumin (43
kDa), carbonic anhydrase (30 kDa), trypsin inhibitor (20 kDa) and a-
lactalbumin (14 kDa).3. Results
3.1. Purification of the Aro
The Aro was purified by a two step (50% and 80%)
ammonium sulfate precipitation of the periplasm, followed
by cation-exchange and gel filtration chromatography,
which resulted in a 57.5-fold enrichment of the Aro
(Table 1). It is worth noting that in the purification table,
an increase in total activity (U) was observed between the
total cell extract and periplasmic fraction; this also oc-
curred for the NT-26 purification table [17]. An explana-
tion for this finding is that another protein(s) in the total
cell extract may be accepting electrons from the oxidation
of arsenite catalyzed by the Aro resulting in a decrease in
the amount of artificial electron acceptor (i.e., DCPIP)
reduced. The purified Aro contains two heterologous
subunits with molecular masses of 86 kDa (AroA) and
16 kDa (AroB), and appeared to be >99% pure (Fig. 1).
The native molecular mass determined by gel filtration
chromatography was 306 kDa and, assuming the presence
of both subunits in a stochiometric ratio of 1:1, the NT-14
Aro has an a3h3 configuration. The Km for arsenite was
35 AM and the Vmax 6.1 Amol of arsenite oxidi-
zedmin 1mg protein 1, corresponding to an enzyme
turnover of 30.4 s 1 (based on the native molecular mass
of 309 kDa). The purified Aro was analyzed for the
presence of cofactors and found to contain iron
(10.6F 0.4 mol/a3h3) and molybdenum (2.1F 0.6 mol/
a3h3). The quantity of iron and molybdenum is lower
than expected and this may have been due to incomplete
hydrolysis of the enzyme or the loss of cofactors during
the purification procedure.
The N-terminal sequences of the AroA (38 amino acids)
and AroB (40 amino acids) subunits were determined (Fig.
2a and b, respectively). The N-terminal sequence of AroATable 1
Purification of the NT-14 arsenite oxidase
Purification step Total
protein (mg)
Total
activity (U)
Specific
activity (U/mg)
Purification
fold (-fold)
Cell extract 21.2 2.0 0.09 1
Periplasm 16.1 10.2 0.6 6.7
Desalting 7.7 9.5 1.23 13.7
Cation exchange 0.4 2.3 5.0 52.4
Gel filtration 0.3 1.5 5.6 57.5was found to be similar to the molybdenum-containing
subunits of other arsenite oxidases [17–19]. The AroA N-
terminal sequence showed three conserved cysteines, Cys-
Xaa2-Cys-Xaa3-Cys, which are involved in binding a
[3Fe4S] cluster in the A. faecalis arsenite oxidase [18]; this
conserved motif is also present in the other arsenite oxidases
[17,19]. Based on a BLASTP search, the Hydrogenophaga
sp. str. NT-14 AroA (Fig. 2a) displayed sequence identity to
the ULPAs1 putative AoxB (71%), A. faecalis a-subunit
(58%) and NT-26 AroA (55%). The Hydrogenophaga sp.
str. NT-14 AroB N-terminal sequence, based on a BLASTP
search, displayed sequence identity to the small (Rieske-
type) subunits of the other arsenite oxidases and includes the
ULPAs1 putative AoxA (48%), A. faecalis h-subunit (43%)
and NT-26 AroB (15%) (Fig. 2b). These subunits contain a
[2Fe2S] cluster similar to the Rieske subunits of the cyto-
chrome bc1 and b6f complexes [17], which play an impor-
tant role in electron transport chains of prokaryotes, plants
and animals. It is worth noting that the Hydrogenophaga sp.
str. NT-14, ULPAs1 and A. faecalis (all members of the h-
Proteobacteria) small subunits share a higher sequence
identity to each other than to that of NT-26 (a member of
the a-Proteobacteria).
3.2. Purification of the cytochrome c
A cytochrome was detected during the purification of the
Aro. Based on SDS-polyacrylamide gel electrophoresis, the
cytochrome was 6–6.5 kDa (Fig. 3a) but was not complete-
ly pure. The native molecular mass of the cytochrome,
based on gel filtration chromatography, was 11 kDa, sug-
gesting that the cytochrome may be present as a homodimer.
The presence of a c-type heme was detected by ingel
Fig. 2. Sequence alignments of the Hydrogenophaga sp. str. NT-14 arsenite oxidase subunits and cytochrome. (a) Hydrogenophaga sp. str. NT-14 AroA,
putative arsenite oxidase ULPAs1 AoxB (acc. no. AAN05581.1), A. faecalis (A.f) arsenite oxidase a (acc. No. nrp 1G8J_A), NT-26 arsenite oxidase AroA
(acc. no. AY345225). (b) Hydrogenophaga sp. str. NT-14 AroB, putative arsenite oxidase ULPAs1 AoxA (acc. no. AAN05580.1), A. faecalis (A.f) arsenite
oxidase h (acc. no. nrp 1G8J_B), NT-26 arsenite oxidase AroB (acc. no. AY345225). (c) Hydrogenophaga sp. str. NT-14 cytochrome c-551, Hydrogenophilus
thermotuteolus (H.t.) cytochrome c-552 (acc. no. JN0251), P. denitrificans (P.d) cytochrome c-551 (acc. no. P00103), H. thermophilus (H.th.) cytochrome c-
552 (acc. no. CAA40902.1), ULPAs1 putative AoxD (acc. no. AAN05583.1).
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cytochrome heme c) (Fig. 3b).
The cytochrome appears to be the physiological electron
acceptor to the Hydrogenophaga sp. str. NT-14 Aro. The
cytochrome wavelength spectrum showed the following
oxidized states (diffused a and h regions and Soret-409
nm) and reduced states in the presence of the purified Aro
and arsenite (a-551 nm, h-521 nm and Soret-416 nm) (Fig.
4). The Aro alone displayed no absorbance spectrum as the
concentration used was too low to detect the Fe-S clusters
and the cytochrome alone showed only an oxidized spec-
trum; neither of these spectra could be altered upon addition
of arsenite (data not shown). The NT-14 cytochrome couldFig. 3. SDS-polyacrylamide gel and heme-activity stain of the cytochrome
c. (a) Coomassie blue R350 stain. Lane 1, molecular weight standards (see
Fig. 2); lane 2: purified cytochrome c-551. (b) Ingel activity stain of the
purified cytochrome c-551.also act as an electron acceptor to the purified NT-26 Aro,
resulting in the same oxidized and reduced spectra seen with
the Hydrogenophaga sp. str. NT-14 Aro (Fig. 5). The
wavelength spectra and activity stain suggest that the
cytochrome is a small c-type cytochrome belonging to the
c-551 family of cytochromes.
The N-terminal sequence of the cytochrome (20 amino
acids) was determined (Fig. 2c) and found to contain a
conserved cysteine motif, Cys-Xaa2-Cys-His, which is typ-
ical of heme binding sites [23]. As determined by a
BLASTP search, the cytochrome displayed sequence iden-Fig. 4. Oxidized and reduced spectra of the purified cytochrome in the
presence of the Hydrogenophaga sp. str. NT-14 Aro. The cytochrome
wavelength spectra was recorded using 20-Ag cytochrome and 6.2-Ag Aro.
The oxidized spectrum displayed diffused a- and h-regions and a Soret
peak of 409 nm. The reaction was initiated with the addition of 2.5 mM
arsenite, which resulted in the reduction of the cytochrome with an a-peak
of 551 nm, a h-peak of 521 nm and a Soret peak of 416 nm.
Fig. 5. Oxidized and reduced spectra of the purified Hydrogenophaga sp.
str. NT-14 c-551 cytochrome in the presence of the purified NT-26 Aro. The
cytochrome wavelength spectra were recorded using 10-Ag cytochrome and
10.2-Ag of NT-26 Aro. The oxidized and reduced spectra are identical to
those in Fig. 4.
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named Pseudomonas hydrogenothermophila) c-552 cyto-
chrome (80%) [24] (Fig. 3c), Pseudomonas denitrificans c-
551 cytochrome (60%) [25] and Hydrogenobacter thermo-
philus c-552 cytochrome (45%) [26]. These cytochromes
appear to be slightly larger than that of Hydrogenophaga sp.
str. NT-14, ranging from approximately 7.6 to 9 kDa. A
fourth open reading frame in the ULPAs1 aox gene se-
quence was identified and designated aoxD. The putative
AoxD appears to be a c-type cytochrome sharing 35%
sequence identity with that of NT-14. A BLASTP search
of the entire AoxD sequence also revealed identity to the H.
thermophilus cytochrome c-552 (52%) [26].Table 2
Comparisons of the arsenite oxidases from Hydrogenophaga sp. str. NT-14,
NT-26 and A. faecalis
NT-14 NT-26 A. faecalis
Location periplasma periplasm membrane
Native molecular weight 309 kDa 219 kDa 100 kDa
Subunits + size a 86 kDa a 98 kDa a 85 kDa
h 16 kDa h 14 kDa h 15 kDa
Structure a3h3 a2h2 ah
Co-factors Fe, Mo Fe, Mo Fe, S, Mo
Km (AM) 35 61 8
Vmax (U/mg) 6.1 2.4 2.88
a Based on preparation of spheroplasts.4. Discussion
The Hydrogenophaga sp. str. NT-14 Aro is indirectly
associated with the cytoplasmic membrane, as 100% of Aro
activity was associated with the membranes isolated from
total cell extracts [R.N. vanden Hoven and J.M. Santini,
unpublished data]. The Aro was released into the periplasm
by the preparation of spheroplasts, suggesting that the Aro
was indirectly associated with the membranes via a mem-
brane-bound protein. The properties of the purified Hydro-
genophaga sp. str. NT-14, NT-26 [17] and A. faecalis
[16,18] arsenite oxidases are compared in Table 2. Both
the Hydrogenophaga sp. str. NT-14 and NT-26 Aro’s are
periplasmic while the arsenite oxidase from A. faecalis is
membrane-bound. The native molecular weights of the
enzymes vary: the Hydrogenophaga sp. str. NT-14 Aro is
309 kDa (a3h3), the NT-26 Aro is 219 kDa (a2h2) and the
A. faecalis arsenite oxidase is 100 kDa (a1h1) (Table 2). The
redox cofactors are identical, with all three enzymes con-taining molybdenum and iron. Sulfur was detected in the A.
faecalis arsenite oxidase by EPR [16]. The presence of
sulfur in the Hydrogenophaga sp. str. NT-14 Aro was not
confirmed but when denatured the enzyme exhibited a
strong sulfide smell. The Vmax for the Hydrogenophaga
sp. str. NT-14 Aro was almost double that of the NT-26 and
A. faecalis arsenite oxidases. The significance of these
differences is as yet not known. Perhaps with further
investigation of these enzymes and other arsenite oxidases
the reasons for the variations may be revealed.
Cytochromes are electron carrier proteins that contain
heme prosthetic groups bound to the peptide by the follow-
ing cysteine motif, Cys-Xaa2-Cys-His [23]. They exhibit
different UV–Visible spectra with three main absorbance
peaks: a, h and g (Soret) [27]. c-type cytochromes generally
have a reduced a region absorbing between 550–557 nm
[27]. The Hydrogenophaga sp. str. NT-14 cytochrome has
an a region absorbance of 551 nm, suggesting that it
belongs to the c-551 type cytochromes [28].
A cytochrome c and azurin were detected during the
DEAE-anion exchange chromatography step in the purifi-
cation of the A. faecalis arsenite oxidase [16]. The absor-
bance spectrum of the A. faecalis cytochrome c, which was
not purified, indicated that the cytochrome could be reduced
by arsenite in the presence of the A. faecalis arsenite oxidase
and, appeared to have a similar a-region to c-type cyto-
chromes (550–557 nm) [16]. The A. faecalis arsenite
oxidase crystal structure shows a small hydrophobic cleft
in the Rieske-type h subunit, where a small globular protein
such as a c-type cytochrome or azurin could bind [18]. It is
possible that the Hydrogenophaga sp. str. NT-14 AroB
subunit may contain a similar cleft to allow binding of the
c-551 dimer, further supporting the involvement of the c-
551 cytochrome in the arsenite oxidation electron transport
chain. Most c-551- and c-552-type cytochromes can donate
electrons directly to (i) terminal oxidases (e.g., cytochrome c
oxidase aa3) [29] and (ii) terminal reductases (e.g., nitrate
reductases) [30]. The aa3 oxidase can act as a proton pump
creating a proton gradient across the membrane that can be
used to generate ATP [31,32], suggesting that heterotrophic
arsenite oxidation could be linked to an electron transport
chain.
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oxidase, it is possible to map the flow of electrons through
this enzyme [18]. The A. faecalis arsenite oxidase and
presumably the other arsenite oxidases have a molybde-
num atom at the enzyme active site that in A. faecalis is
coordinated by two pyranopterin MGD-type rings [18].
The arsenite oxidase lacks an amino acid ligand coordi-
nated to the molybdenum atom at the active site, making it
the first member of a new subgroup of the DMSO
reductase family of molybdoenzymes [18]. The arsenite
oxidase lacks the typical serine, cysteine or selenocysteine
as found in other enzymes of the DMSO reductase family.
This may be due to the ability of arsenite to irreversibly
bind thiol groups of cysteines and instead the corres-
ponding residue in the A. faecalis arsenite oxidase is an
alanine (position 199) [18]. The arsenite (substrate) bind-
ing site of the arsenite oxidase is comprised of His (195),
Glu (203), Arg (419) and His (423) residues [18]. The
amino acids involved in substrate binding along with the
potential molybdenum binding alanine are conserved in the
amino acid sequences of the large subunits of the arsenite
oxidases from NT-26, A. faecalis and ULPAs1 [17]. The
positioning of arsenite in the substrate binding site exposes
the lone electron pair to the oxidized MoMO atom [18,33].
Electrons are transferred from arsenite to the molybdenum
atom reducing it from MoVI to MoIV. This process is rapid
with the molybdenum atom becoming re-oxidized by
deprotonation of water at the active site [18,33]. The A.
faecalis arsenite oxidase contains two high potential iron-
sulfur clusters (> + 300 mV) [18]. The first is a [3Fe4S]
cluster present in the molybdenum-containing subunit andFig. 6. Putative electron transport chain for heterotrophic arsenite oxidation. Arsen
electrons are then transferred to the [3Fe4S] centre of AroAwhere they are then p
electrons are passed to the cytochrome c-551 bound as a dimer to the AroB and th
of four electrons are required to reduce O2 to H2O in the cytoplasm of the cell an
gradient across the membrane, which can subsequently be used to generate ATP.the second is a Rieske-type [2Fe2S] cluster in the small
subunit [18].
With reference to the A. faecalis crystal structure and the
identification of the physiological electron acceptor of the
Hydrogenophaga sp. str. NT-14 Aro, an electron transport
chain for arsenite oxidation is for the first time proposed
(Fig. 6). Two electrons can be transferred from arsenite to
the molybdenum atom that are subsequently passed to the
[3Fe4S] cluster of the AroA subunit, where only one
electron at a time can be passed to the [2Fe2S] cluster of
the AroB subunit [34,35]. The [3Fe4S] cluster can poten-
tially accept two electrons and may possibly store one of
these during electron transfer to the [2Fe2S] cluster of the
Rieske subunit. Re-oxidation of the molybdenum atom
occurs rapidly, supporting the hypothesis that the [3Fe4S]
cluster accepts both electrons simultaneously [34,35]. The
electrons are then passed to the small soluble c-551
cytochrome, which appears to be present as a dimer,
possibly accepting two electrons from the Rieske subunit.
The c-551 cytochrome can pass electrons to an aa3
cytochrome c oxidase (Fig. 6). This would be the most
likely terminal oxidase as it is common under normal
atmospheric oxygen conditions and is the most common
terminal oxidase in prokaryotes [36]. An electron transport
chain using a c-551 type cytochrome and an aa3 terminal
oxidase is feasible based on other examples of aerobic
electron transport chains (e.g., those in mitochondria and
ammonia oxidation by Nitrosomonas europaea) [37,38].
Electrons can be transferred from the c-551 cytochrome to
the aa3 at the CuA subunit [32]. The electrons are then
transferred to the cytoplasmic face of the aa3 where fourite is oxidized to arsenate at the Mo active site of the AroA subunit. The two
assed one at a time to the [2Fe2S] centre of the Rieske (AroB) subunit. The
en to the CuA and heme a of the cytochrome c oxidase aa3 complex. A total
d four protons are then pumped to the periplasm creating a proton motive
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process generates a proton gradient across the membrane,
as the aa3 complex facilitates the translocation of four
protons from the cytoplasm to the periplasm [32]. The
proton gradient can be subsequently used to synthesize
ATP via an ATP synthase.
NT-14 is the first heterotrophic arsenite-oxidizing bacte-
rium thought to gain energy from the oxidation of arsenite.
Purification and preliminary characterization of the NT-14
Aro has led to the discovery of the physiological electron
acceptor, a c-551 cytochrome. This suggests that heterotro-
phic arsenite oxidation may in fact lead to the generation of
energy and, as such, an electron transport chain for hetero-
trophic arsenite oxidation has been proposed.Acknowledgements
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